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Abstract. Aminoazobenzene sulfate salt reacts with the crystals of KBr in solid-state under high pressure yield-
ing corresponding bromide salt. The reactant and product differ also in the position of protonation, amino group, 
and azo group, respectively. Since protonation of azo-group destroys the coplanarity of two benzene rings and 
diminishes -conjugation, the product differs from the reactant also in color, from orange to violet. Hence, the 
reaction is the example of the piezochromic effect. This solid-state process is studied by kinetic measurements, 
and the structures of the compounds were analyzed by X-ray chrystallography.  
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INTRODUCTION 
Solid-state chemistry is a fast-developing science, en-
hanced by its numerous applications in the high tech-
nology industries. Often depending on specific crystal 
modification and high temperature interaction, it is 
associated with both, inorganic and organic crystalline 
compounds, where reactions are thought to occur via 
ion displacement and crystal deformation mechanisms.1 
Mechanically induced solid-state reactions are at-
tracting the interest of scientists, especially those en-
gaged in the quest for solvent free chemical processes, 
development of new methods for the synthesis of phar-
maceuticals, molecular electronic devices, as well as 
designing of new materials with special properites.1 
Although the observation and the study of the mechani-
cally induced chemical processes has been introduced 
more than hundred years ago,2 the intensive and system-
atic development of this field of chemistry became actual 
in last decade.3 In addition to the synthetic applications 
of such reactions, it is also of fundamental interest to 
establish the mechanistic basis of these processes in the 
frame of mechanistic concepts developed in our previous 
studies in the field of solid-state reactions in the molecu-
lar crystals.4 It is still an open question about the details 
of the mechanisms of these processes.5 For instance, it is 
not clear whether the reaction really occurs between 
solids, or whether the formation of a microliquid phase 
between reactants is fundamental for the reactivity.6 In 
this work we present our structural and kinetic investiga-
tions of the effect of high pressure on solid-state reac-
tions of anion exchange in aminoazobenzene salts. 
Alkaline metal halides, used as pelleting matrices 
for IR-spectroscopy are known in some cases to interact 
physically or chemically with the embedded samples.7 
In most cases an ion exchange between pelleting and 
sample materials occurs. Some of these interactions 
were confirmed by spectroscopy and x-ray crystallog-
raphy.8 Molecular rearrangements induced by high 
pressure can afford conformational transformations, 
and/or proton transfer, what can occasionally be ob-
served as a change in color (piezochromism). 
The high pressure induced reaction between solid 
salts of 4-aminoazobenzene (1) (Scheme 1) and solid 
potassium bromide was selected as a molecular model 
Scheme 1. 
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for extending our investigation of solid-state reaction 
mechanisms. 
 
RESULTS AND DISCUSSION 
Reaction of the Sulfate Salt of 4-aminoazobenzene (1) in 
KBr Pellet 
In typical experiment, crystals of 1 were ground with 
dry alkali metal halide powder (1−2 %) and pressed to ≈ 
10 kbar. After 3−5 minutes of pressing, the pellet started 
to change its color (Figure 1). Expecting that the me-
chanically induced chemical transformation includes 
anion exchange (sulfate with bromide), we have extra 
prepared the bromide salt 2, and we found that its spec-
trum agrees almost perfectly with the spectrum of the 
product. The reaction includes both, anion exchange and 
the protonation of the nitrogen atom of the azo group 
(Scheme 1). 
The rate of the color change depended on the mode 
of the pellet preparation (mixing of the compound with 
KBr), and on the initial pressure. In most cases it was 
possible to visualize the reaction flow (Figure 1). The 
reaction rate also depends on the size of crystals of potas-
sium bromide. If we use standard KBr salt without further 
sieving, then the reaction is much faster than that with 
reduced particle size of KBr. Since the reaction could be 
sensitive to moisture, the experiments were followed 
under dry conditions. In that case no reaction was ob-
served without the mechanical force. We also have tested 
the efficiency of the reaction by using different pressures. 
The data in Table 1 show that the reaction rate strongly 
increases if a higher mechanical force is applied. 
On the basis of the available literature data9 (Table 
2), we suppose that the color change of 4-aminoa-
 
Figure 1. Photograph of sulfate salt 1 in KBr pellet at different time after application of 10 kbar pressure. 
Table 1. Effect of the initial pressure on the reaction degree α 
Initial pressure 
(kbar/cm2) α (for t = 30 min) 
4 0 
6 0.09 
8 0.37 
10 0.55 
Table 2. Color of differently protonated 4-aminoazobenzene salts 
4-aminoazobenzene salt Color Protonated nitrogen 
sulphate  orange amino group 
hidrogensulphate violet azo group 
hidrogenphosphate orange amino skupina 
dihidrogenphosphate violet azo group 
bromide violet  azo group 
iodide greenish azo group 
Oxalate* orange amino group 
chloride* violet azo group 
phenylphosphonate* orange amino group 
1,4-butandiphosphonate* orange amino group 
*Ref. 9. 
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zobenzene salts depends on the protonation of particular 
nitrogen-atom. While the protonation of amino nitrogen 
atom causes orange color, the protonation of azo-group 
nitrogen paints the salt in violet.  
Molecular and Crystal Structures 
The sulfate and bromide salts (1 and 2) were analyzed 
by X-ray christalography. Their molecular and crystal 
structures are shown in the Figures 2–5. 
Molecular structures of the orange sulfate 1 and 
the violet bromide 2 obtained from X-ray crystalog-
raphy differs in the coplanarity of the benzene rings. In 
the azo-protonated molecule 2 the twisting angle be-
tween phenyl rings is 7.4° what is substantially larger 
than in amino group protonated molecule (3.16°). Such 
larger twisting diminishes -electron conjugation in the 
bromide salt causing the blue shift in the UV-VIS spec-
trum of 2. Similar structural effect on the change in 
Figure 4. Figure 2 ORTEP III represented molecular structure 
of 2. 
Figure 5. Crystal packing of 2 with the protonated azo groups 
and the hydrogen bond network. 
 
Figure 2. ORTEP III represented molecular structure of 1. 
 
 
Figure 3. Crystal packing of 1 with the protonated amino groups. 
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color has been previously observed for the hydrogen 
and dihydrogen phosphate salts of 4-aminoazobenzene 
salts.9b  
Kinetic Measurements 
The rates of the reactions were measured by following 
the sharp IR signal at 1278 cm–1 assigned to C−N 
stretching. The obtained kinetic curves are sigmoids, 
typical for the most of the previously studied solid-state 
reactions (Figure 6). The reaction is temperature de-
pendent, so that the t1/2 (the inflexion point) is reached 
after 900 s (26 °C), 400 s (35 °C), and 300 s (45 °C). 
The best curve fitting for all the measurements is 
with the Avrami-Erofeev mathematical model for analy-
sis of solid-state transformatios.10 The model that is in 
literature also known as the Johnson-Mehl-Avrami-
Kolmogorov approach (JMAK) is based on the concept 
that the solid-state reaction begins with nucleation of 
new product crystal phase within the bulk of the reac-
tant phase. Starting from these nuclei the product phase 
continue to growth following the exponential kinetics: 
   1  exp nα rt     
where α is the degree of the reaction, r is reaction rate, t 
is reaction time, and n depends on the dimensionality of 
the development of the product phase and the type of 
the process. In all the measurements the maximal n 
value falls between 3.00 and 3.5 indicating the three-
dimensional growth of the product phase. 
By exposing the mixture of KBr with 1 to the at-
mosphere saturated with moisture (99 %) without using 
the mechanical pressure the same bromo-salt has been 
isolated. Evidently, the reaction can follow two mecha-
nisms, in moisture doped solid-state mixture or mecha-
nochemically. The exact role of the moisture remains 
still an open question. 
 
CONCLUSIONS 
The sulfate salt of aminoazobenzene (1) reacts in the 
solid-state with KBr under the high mechanical pressure 
by formation of the bromide salt (2). The reactant and 
the product differ in the position of protonation: amino 
group in 1, and azo-group in 2. The reaction is piezo-
chromic because the reactant and the product markedly 
differ in color. From the molecular structures of the 
reactant 1 and the product 2 obtained by X-ray crystal-
lography it follows that the change in color (blue-shift) 
is a consequence of the reduced -conjugation in 2 
caused by the increase in the twisting angle between 
two benzene rings (from 3.16° in 1 to 7.4° in 2). 
Kinetics of the process affords typical sigmoid 
curve that could be represented by the Avrami-Erofeev 
nucleation and growth model with the three-dimensional 
development of the product phase. Findings described in 
this work open the question about the mechanism of this 
reaction from the physical-organic chemistry point of 
view. The study that includes the detailed quantum 
chemical calculations and molecular dynamics is in 
progress in our research group. 
 
EXPERIMENTAL 
NMR spectra were taken on the Bruker AV 600 at 600 
(1H) i 75 (13C) MHz in CDCl3 and DMSO with TMS as 
an internal standard. 
IR spectra were recorded in the 4000−400 cm−1 
region on EQUINOX 55 FT-IR spectrometer (Bruker 
Optic GmBH).  
Preparation of Compounds 
Sulphate salt of 4-aminoazobenzene (1): 0.2 g (1 mmol) 
of 4-aminoazobenzene (Aldrich chemicals) was dissolved 
in a mixture of 4 ml glacial acetic acid, 0.2 ml (7 mmol) 
30 % hydrogen peroxide, and 0.1 ml conc. sulfuric acid. 
After the mixture was allowed to stand 5 minutes at room 
temperature, the crude residue was filtered off, recrystal-
ized from 20 ml ethanol, and then dried in exicator. The 
resulting orange crystalline product melts with decompo-
sition above 210 °C. (Yield: 0.2 g; 68 %). 
Bromide salt of 4-aminoazobenzene (2): A solution of 
0.4 g (2 mmol) of 4-aminoazobenzene in ethanol was 
added to aqueous solution of potassium bromide (0.24 g 
KBr in 5 ml water). The mixture was allowed to stand at 
room temperature for 25 hours. The resulting violet 
crystals were filtered off, washed with diethyl-ether, and 
dried in air. The product melted with decomposition 
above 198 °C. (Yield: 0.62 g; 91 %) 
Figure 6. Kinetic curves for the reaction of 1 in the KBr pellet 
measured at different temperatures. Degree of the reaction (α) 
is plotted versus time for following the intensity of the C−N 
stretching signal at 1278 cm−1. 
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X-ray Crystallography Data 
Crystal Data 
Formula    (C12H12N3)2O4S  
Relative molecular mass  492.56 g/mol 
 
Crystal system and space group Monoklinic, P 21/c  
Unit cell parameters:  a = 6.029 (5) Å 
    b = 7.426 (5) Å 
    c = 53.211 (5) Å 
    α = 90.00° 
    β = 94.933 (7) ° 
    γ = 90.00° 
    V = 2374 (3) Å3 
 
Number of formula units, Z 4 
 
Calculated density, Dx  1.378 mg m−3  
Source, λ, Mo Kα  0.71073 Å 
 
Difractometer   Oxford Xcalibur 3 
 
Data collection   ω 
 
Temperature, T   293(2) K 
 
Linear absorption coeffitient 0.177 mm−1 
 
Crystal color and shape  Orange prism 
 
No of measured reflexes  8016 
 
No of independent reflexes 4066 
 
No of observed reflexes  3341 
 
Criterium for observed reflexes  [I ≥ 2σ (I)] 
 
Validity of equivalent reflexes, Rint.  0.0745  
θmaks      23.24°  
No of optimizing parameters  287 
 
R, wR [Fo2 ≥ 2σ (Fo2)]   0.2091,  0.5593  
R, wR (all data)    0.2245,  0.5785 
 
S      2.767 
 
Weight scheme: 
 
w = 1/[σ2(Fo2) + (0.1021P)2 + 1.0658P]  
(Δ/σ)max.     0.078  
(Δ/σ)mean    0.021  
Δσmax., Δσmin.   1.323 −1.298 e Å3 
 
Formula    C12H12Br N3  
Relative molecular mass  278.15 g/mol 
 
Crystal system and space group Monoclinic, P 21/c  
Unit cell parameters:  a = 7.3129 (17) Å 
    b = 18.945 (3) Å 
    c = 9.1220 (15) Å 
    α = 90.00 
    β = 111.75 (2) ° 
    γ = 90.00° 
    V = 1173.82  Å3 
 
Number of formula units, Z 4 
 
Calculated density, Dx  1.568 mg m−3  
Source, λ, Mo Kα  0.71073 Å 
 
Difractometer   Oxford Xcalibur 3 
 
Data collection   ω 
 
Temperature, T   293(2) K 
 
Linear absorption coeffitient 3.447 mm−1 
 
Crystal color and shape  Violet prism 
 
No of measured reflexes  5877 
 
No of independent reflexes 3040 
 
No of observed reflexes  1340 
 
Criterium for observed reflexes  [I ≥ 2σ (I)] 
 
Validity of equivalent reflexes, Rint.  0.0461  
θmaks      30.50°  
No of optimizing parameters  148 
 
R, wR [Fo2 ≥ 2σ (Fo2)]   0.052, 0.1371  
R, wR (all data)    0.1354, 0.1929 
 
S      0.911 
 
Weight scheme: 
 
w = 1/[σ2(Fo2) + (0.1021P)2 + 1.0658P + 0.0000P]  
(Δ/σ)max.     0.001  
(Δ/σ)mean    < 0.001  
Δσmax., Δσmin.   0.602−0.736 e Å 
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